Abstract In the present study, a carbon paste electrode chemically modified with gold nanoparticles was used as a sensitive electrochemical sensor for determination of ochratoxin A. The differential pulse voltammetric method was employed to study the behavior of ochratoxin A on this modified electrode. The effect of variables such as percent of gold nanoparticles, pH of sample solution, accumulation potential and time on voltammogram peak current were optimized. The proposed electrode showed good oxidation response for ochratoxin A in 0.1 mol L −1 PBS (pH 7.2) and the peak potential was about +0.8 V (vs. Ag/AgCl). The peak current increased linearly with the ochratoxin A concentration in the range of 0.5-100 nM. The detection limit was found to be 0.2 nM and the relative standard deviation was 6.2 % (n = 7). The method has been applied to the determination of ochratoxin A in cereal derived products such as breakfast cereals, cereal-based baby foods and beer samples.
Introduction
Fungi play a substantial role in spoilage of food, fruits and vegetables, because of their pathogenicity to the harvested products. During the various stages of pathogenesis, however, some of these fungi may generate different mycotoxins (Baikai-Golan and Paster 1900; Magan and Olsen 2004) . Mycotoxins are fungal secondary metabolites that could be present in foods and vegetables as a consequence of fungal growth and they are harmful to animals and humans (Silverio et al. 2010; Iamanaka et al. 2005; Bell et al. 2004) . Five types of mycotoxins of agricultural importance occur in staple crops: aflatoxins, fumonisins, zearalenone, specific trichothecenes (deoxynivalenol and nivalenol) and ochratoxins (Miller 1995) . These mycotoxins can cause various forms of poisoning in animals and in humans and some are carcinogenic. It has been reported that approximately 25 % of cereals consumed in the world are contaminated with mycotoxins (Bennett and Klich 2003; Hussein and Brasel 2001; Anukul et al. 2013 , Bryden 2012 . Ochratoxins (cyclic pentaketids, dihydroisocoumarin derivatives linked to an Lphenylalanine moiety) are mycotoxins produced by some Aspergillus and Penicillium species. They were originally isolated in South Africa in 1965 as metabolites from a strain of Aspergillus ochraceus (Van der Merwe et al. 1965) . Although a wide range of ochratoxin derivatives can be isolated from laboratory cultures, it is usually only ochratoxin A (OTA) and occasionally ochratoxin B which occur naturally in mouldy products (Belli et al. 2002) . Ochratoxin A has received particular attention because of its association with cancer promoting activity. Worldwide studies on ochratoxigenic fungi, primarily A. carbonarius, A. Niger aggregate and other Aspergillus species, as well as on ochratoxin A contamination in food derived from plants, such as coffee beans (Taniwaki et al. 2003) , wine (Ratola et al. 2006; Romero-Gonzglez et al. 2010) , cereals (Alarcon et al. 2006; Sugita-Konishi et al. 2006) , nuts (Overy et al. 2003) , spices (Goryacheva et al. 2007) , in fruits and fruit juices (apple juice, grape juice, and orange juice) (Marino et al. 2009; Lasra et al. 2007) , indicated that these products can be important dietary sources of ochratoxin A for people who consume large amounts them. Due to these findings many countries have established limits on OTA levels in food, typically between 1 and 10 μg kg −1 , depending on the type and quality of the foodstuffs (Turner et al. 2004) . There is increasing interest among researchers in determining contamination levels of OTA and among regulatory agencies to establish new or replace old OTA limits for food commodities due to its widespread occurrence, increasing health risk concerns and development of new sensitive analytical methods (Fakoor Janati et al. 2012) . Many detection techniques have been used for the determination of OTA in different kind of samples. Traditional methods for OTA analysis are usually performed by thin layer chromatography (TLC), high performance liquid chromatography (HPLC), and gas chromatography (GC), coupled to UV/V, fluorescence (FL) or mass spectrometry (MS) (Romani et al. 2000; Shephard et al. 2003; Blesa et al. 2004; Aksoy et al. 2007 ). These laboratory techniques, unfortunately, require highly qualified personnel, tedious assay time or sophisticated instrumentation (Panini et al. 2011) . A rapid, simple, and inexpensive method that does not require sophisticated laboratory equipment would be beneficial for routine determination of mycotoxins in biological samples. Electrochemical detections can be ideal for such tasks since their selectivity often requires less intensive clean-up, in turn allowing rapid and inexpensive detection (Perrotta et al. 2011 (Perrotta et al. , 2012 Ramirez et al. 2010 Ramirez et al. , 2011 . The advantages of electrochemical detection are evident in the development of chemical and biological sensors utilizing electrochemical detection devices (Taylor and Schultz 1996) . Modified carbon paste electrodes (MCPEs) have several advantages such as non-toxic, low background current, wide range of used potential, rapid renewal and easy fabrication (Ashkenani and Taher 2012) . In this work, we developed a method for the determination of OTA in different food samples based on its oxidation responses at a gold nanoparticles modified carbon paste electrodes (GNP/CPE).
Experimental Apparatus
All voltammetric experiments were performed using Autolab electroanalyzer Model PG-STAT-100 from Metrohm (Switzerland). The electrochemical cell consisted of a carbon paste modified electrode as a working electrode, Ag/AgCl/ KCl (saturated) as a reference electrode and a platinum wire as an auxiliary electrode. A RH B-KT/C (Germany) magnetic stirrer was employed in the deposition step. A Metrohm 827 pH meter (Switzerland) with a combined glass electrode for adjusting the pH was also used.
Chemicals
Standard solution of ochratoxin A was purchased from Fluka (Switzerland). Tetrachloroauric acid (III) trihydrate (HAuCl 4 · 3H 2 O) and sodium citrate were purchased from Merck (Darmstadt, Germany) and working solutions were prepared daily by appropriate dilution. Highly pure graphite powder, acetic acid, sodium acetate and sodium dihydrogen phosphate were purchased from Merck. 0.1 M NaH 2 PO 4 /Na 2 HPO 4 buffer solution (PBS) at pH 7.2 were used as the supporting electrolyte.
Synthesis of gold nanoparticles
Gold nanoparticles were prepared following the method of Gopu et al. (2008) . 95 mL of an aqueous chloroauric acid solution containing 5 mg of Au was brought to boil and then 5 mL of 1 % sodium citrate solution was added to the boiling solution. The color of the solution first changed to bluish, then to purplish and eventually to ruby red. The solution was further boiled for 30 min and left to cool to ambient temperature. TEM image shows the spherical particles with a diameter of 10 ± 2 nm (Fig. 1a) . 
Preparation of the electrode
The unmodified carbon paste was made by hand-mixing 70 mg of graphite powder and 30 μL of paraffin oil with a mortar and pestle. The CPE was constructed by packing this paste into a glass tube (3.4 mm inner diameter) and providing it with a copper contact. The CPE could be reused after each experiment by cutting a thin layer of paste and polishing of new surface. For the preparation of the modified carbon paste electrode (MCPE) 30 % GNP was added to paste and prepared as for the unmodified electrode. TEM image is shown in Fig. 1b .
Experimental procedure
A cell containing the desired concentration of OTA in PBS at pH 7.2 was subjected to the deposition voltage (+0.5 V) under stirring. Following the electrochemical deposition step and a short equilibration period (10 s), differential pulse (DP) voltammograms were recorded by potential scanning from 0.6 to 1.0 V. The resulting oxidation peak at about 0.8 V was registered and its currents used as a measure of OTA concentration. The experimental conditions for differential pulse voltammetry (DPV) were: pulse amplitude 50 mV, pulse width 70 ms, scan rate 50 mV s −1
. Measurements were carried out using a modified carbon paste electrode (GNP/CPE), with a Pt wire counter electrode and an Ag/AgCl (3 M KCl) electrode as reference.
Procedure of cereal derived products preparation
A total of 9 cereal-derived samples, including 3 baby food samples, 3 breakfast cereal samples and 3 beer samples were purchased randomly from different supermarkets and small shops in Kerman, Iran. The cereal contents in the baby food samples ranged from 30 to 80 %. Breakfast cereal samples included the following major ingredients, alone or mixed: maize, bran, chocolate, cereals (wheat and/or rice), fruits and oats. All of the beer samples were non-alcohol. 25 g of each Breakfast cereals and baby foods was extracted with 100 mL of methanol: water extraction solvent (80:20, v/v). The extract was filtered through a filter paper. Then 10 mL of filtrate was diluted with 30 mL of PBS. 100 mL of beer samples were boiled for 15 min until foaming was stopped. Then the residue liquid was diluted with distilled water. Then each sample was stirred for about 10 min and the pH was measured directly and adjusted to 7.2.
Results and discussion

Electrochemical behavior of ochratoxin a at the GNP/CPE
The studies of the voltammetric behavior of the ochratoxin A were performed using differential pulse voltammetry. DPV was used in the voltammetric measurement owing to its good sensitivity. Figure 2 compares typical differential pulse voltammograms of 100 nM OTA recorded at two different working electrodes (i.e. bare CPE (curve a) and GNP/CPE (curve b)) after 180 s accumulation under close circuit condition in PBS at pH 7.2 solution. As is seen in Fig. 2b , at the GNP/CPE, compared to the bare CPE, the oxidation peak of OTA shifted to more negative values direction and also the peak current increased. The enhanced peak current response and shift in the oxidation potential are clear evidences of the catalytic effect of the GNP/CPE towards oxidation OTA.
With regard to the above observations and under the experimental conditions, Fig. 3 shows the oxidation reaction of OTA.
Optimization of operational parameters
Preliminary experiments showed that OTA is adsorbed onto the surface of GNP/CPE by electrostatic interaction. Therefore, pH was recognized as an important factor for the accumulation of OTA on the surface of the modified electrode. The influence of pH on the stripping peak current of OTA was studied by different buffers in the pH range of 5.0-9.0. The maximum peak current was obtained at pH = 7.2. Therefore, pH of 7.2 was chosen for subsequent experiments.
The effect of accumulation potential on the peak current of OTA was examined over the range of +0.3 to +0.8 V. It was found that the peak current of OTA increases with increasing accumulation potential in the range of +0.3 − +0.5 V and increasing from +0.5 to +0.8 V lead to decrease of peak current. Hence accumulation potential of +0.5 V was employed.
The influence of accumulation time on the anodic peak current was studied. For a 100 nM OTA solution, the peak current increases rapidly within 180 s and then remains almost unchanged, meaning that a saturated adsorption is achieved. Thus an accumulation time of 180 s was used.
Analytical characterization
Standard solutions containing different concentrations of OTA were prepared in a 0.1 M PBS and exposed to the optimized anodic stripping voltammetric procedure (Fig. 4a) . The calibration curve was linear in the range of 0.5-100 nM and obeyed the equation y = 0.459 x + 0.598, where y and x are the peak current (μA) and OTA concentration (nM), respectively (Fig. 4b) . The square of the linear correlation coefficient was 0.9962. The limit of detection was calculated by making seven replicate current measurements at 0.8 V for a blank solution; the detection limit based on the mean of these measurements gave a value of 0.2 nM OTA. Precisions in terms of repeatability and reproducibility (RSD%) of the proposed method were evaluated. Intra-day RSD% (N = 7) at three concentrations of 10 and 70 (nM) were 4.4 and 1.7 %, respectively and inter-day RSD% at the same concentration were 6.2 and 2.2 %.
Food samples analysis
The proposed method was applied to the determination of OTA in food samples. The analytical results are shown in Table 1 The result is given in Table 2 and is in good agreement with reference value. According to results, limits on OTA levels in food samples is below the maximum limits permitted.
Conclusions
In this work our aim was to develop a sensor method for ochratoxin A analysis that can give sensitive and accurate results in food samples. From the achieved results, we depict a sensitive procedure for the analysis of ochratoxin A in real samples such as breakfast cereals, cereal-based baby foods and beer samples. The proposed method provides a new, sensitive, selective and simple electrochemical sensor utilizing special properties of gold nanoparticles such as high specific surface area, electrocatalytic and adsorptive properties. GNP/ CPE resulted in catalytic effects for the electrooxidation of ochratoxin A since it enhances the oxidation peak currents and lowers the oxidation overvoltage. This developed sensor has a wide concentration range (0.5-100.0 nM) and very good detection limit (0.2 nM). 
